We computed twist-4 part of the photon spin-flip amplitude in deeply virtual Compton scattering on a nucleon in the Wandzura-Wilczek approximation. We found a factorizable contribution, which arises from photon scattering on quarks with non-zero angular momentum along the collision axis. As the genuine twist-2 amplitude arises at the NLO, for moderate virtualities of the hard photon, Q 2 ≤ 10 GeV 2 , kinematical twist-4 correction can give numerically important contribution to the photon helicityflip amplitude.
Introduction
Deeply virtual Compton scattering (DVCS) [1, 2] on a nucleon, γ * N → γN ′ , is perhaps the cleanest hard reaction sensitive to the skewed parton distributions (SPD). For that reason in recent years DVCS has been the subject of extensive theoretical investigations. First experimental data have also became recently available (see e.g. [3, 4, 5, 6] ) and much more data are expected from JLAB, DESY, and CERN in the near future. Due to factorization theorems [7, 8, 9] the leading term in the 1/Q 2 expansion of the DVCS amplitude, where Q 2 is large virtuality of the hard photon, can be expressed in terms of twist-2 skewed parton distributions. However, as the typical experimentally accessible values of Q 2 are by no means large, studies of the power suppressed (higher twist) corrections to the DVCS amplitude are very important from the phenomenological point of view. The leading power corrections are of the order 1/Q, or twist-3, and therefore they may have significant effects on some of DVCS observables. Note also that twist-3 corrections typically scale as √ −t/Q, with t denoting the square of the momentum transfer, so the size of twist-3 corrections increases with t. As it follows, taking into account these corrections is mandatory for understanding continuation of the twist-2 part of the DVCS amplitude to t = 0.
An interesting feature of the DVCS amplitude on a nucleon is that it receives a contribution from the photon helicity-flip process, which is forbidden by the angular momentum conservation in the forward DIS case. In the leading twist approximation, this amplitude appears at the NLO level and, if measured, can provide a unique information about tensor gluon skewed parton distribution in a nucleon. In this case, analyzing corresponding power corrections is even more important as there is no prejudice about how large the twist-2 amplitude can be. The simplest estimate can be obtained by calculating the so-called Wandzura-Wilczek, or kinematical power corrections. From a phenomenological point of view such a calculation is crucial for the future studies of the photon helicity-flip amplitude in DVCS.
The remainder of this paper is organized as follows: in the next section we discuss general features of the DVCS amplitude on the nucleon. The following two sections are devoted to discussion of the photon helicity-flip amplitude and to the calculation of the kinematical twist four correction, respectively. Finally, we conclude. Technical details of the present calculation are summarized in the Appendix.
DVCS amplitude on a nucleon
Let p, p ′ and q, q ′ denote momenta of the initial and final nucleons and photons, respectively. The amplitude of the virtual Compton scattering process
is defined in terms of the nucleon matrix element of the T -product of two electromagnetic currents :
where Lorentz indices µ and ν correspond to the virtual, respectively the real photon.
We shall consider the Bjorken limit, where
We introduce two light-like vectors n, n * such that
We shall work in a reference frame where the average nucleon momenta P = 1 2
(p + p ′ ) and the virtual photon momentum q are collinear along z-axis and have opposite directions. Such a choice of the frame results in the following decomposition of the momenta [10] :
withm 2 = m 2 − t/4, t = ∆ 2 being the squared momentum transfer, and 2ξ = 2ξ
Finally, ξ ′ is given by
. We define the transverse metric and antisymmetric transverse epsilon tensors † :
In the following, we shall use the shorthand notation for
where a µ is an arbitrary Lorentz vector.
In the LO approximation in the QCD coupling α S , but including 1/Q corrections, the DVCS amplitude on a nucleon has the form [11, 12] :
(10) † The Levi-Civita tensor ǫ µναβ is defined as the totally antisymmetric tensor with ǫ 0123 = 1
where to the twist-3 accuracy:
with ξ equal to its leading-order value ξ =
. The leading order coefficient functions are
and skewed distributions F µ (x, ξ) and F µ (x, ξ) are defined in terms of the nonlocal light-cone quark operators ‡ :
In the above expression for the DVCS amplitude the first term T µν 1 corresponds to the scattering of transversely polarized virtual photons. This part of the amplitude depends only on twist-2 SPDs H, E and H, E. The twist-3 terms proportional to P µ ∆ ν ⊥ (P q) § are required to ensure the proper electromagnetic gauge-invariance of the amplitude:
The second term T µν 2 corresponds to the contribution of the longitudinal polarization of the virtual photon. This term depends only on new 'transverse' SPDs F µ ⊥ and F µ ⊥ . Defining the longitudinal polarization vector of the virtual photon as
one can easily calculate the DVCS amplitude for the longitudinal polarization of the virtual photon (L → T transition), which is purely of twist-3 :
‡ The gauge link between points on the light-cone is not shown but always assumed. § We adopt here kinematical definition of twist i.e., terms suppressed by 1/Q are of twist-3.
The skewed parton distributions F µ and F µ can be related to the twist-2 SPDs H, E, H and E through the so-called Wandzura-Wilczek relations [12, 13, 14, 15, 16, 17] . To derive these relations one assumes that non-forward nucleon matrix elements of gauge invariant operators of the typeψGψ i.e. involving quark-gluon correlations are small. The WW relations for the case of the nucleon SPDs have the form [12, 15] :
Here we have introduced a shorthand notation . . . =Ū (p ′ ) . . . U(p) and m denotes the nucleon mass. Functions G µ and G µ are defined as :
The Wandzura-Wilczek kernels W ± (x, u, ξ) have been introduced in Refs. [12, 14, 15] . They are defined as :
The flavor dependence in the amplitude can be easily restored by a substitution :
The amplitude (9) is electromagnetically gauge invariant, i.e.
formally to the accuracy 1/Q 2 . In order to work with an amplitude which is transverse in the sense of (25) we have kept in (11) terms of the ∆ 2 /Q 2 order, applying the prescription of [10, 18] :
for the twist-3 terms in the amplitude. Although such corrections do not form a complete set of 1/Q 2 contributions, we prefer to work with the DVCS amplitude T µν 2 which satisfies Eq. (25) exactly.
The last term T µν 3 , corresponds to transverse polarisation of the virtual photon. It is proportional to (q + 2ξP ) = q ′ + ∆ ⊥ . Contracting with the transverse polarisation vector e ν (q ′ ) of the final real photon one obtains
As it follows, such term does not contribute to any observable with the accuracy O(∆/Q).
In the case of a pion target, Ref. [14] , it has been shown that the structure (q + 2ξP ) emerges as truncated to the 1/Q accuracy vector q ′ . Obviously, such a term, although formally present in the amplitude T µν , does not contribute to any physical DVCS amplitude with the the real, transverse photon in the final state. The observation that amplitude T µν 3 has zero projection onto physical states when the final photon is real is not unexpected. Considering situation where both photons are virtual one finds that the amplitude T µν 3 describes a T → L transition i.e., with incoming transverse and outgoing longitudinal photon, respectively. It has therefore to disappear in the limit when outgoing photon is real. Indeed, the contraction ε T µ (q)T µν 3 ε * Lν (q ′ ) vanishes when q ′2 → 0. The same situation is expected, of course, for a nucleon taget.
There is another amplitude which appears at a twist-2 level, but at the α S order. This amplitude describes DVCS of transversely polarised photons with helicity flip between the initial and final photon states, respectively. Kinematical twist-4 corrections to this amplitude are the main subject of our considerations in this paper. At the twist-2 level the helicity-flip amplitude depends on a new distribution function, so-called tensor-gluon or gluon transversity skewed parton distribution. Feynman diagrams involving photon helicity flip contribution to DVCS have been calculated by two groups [19, 20] . Their result can be represented as:
where F (µν) is defined as a matrix element of a non-local light-cone gluon operator:
Symbols S and (µν) stand for symmetrisation of the two indices and removal of the trace:
nν is a shorthand notation for n α G a αν . Parametrisation of this matrix element in terms of independent SPDs will be discussed below. Here we note that the gluon operator (29) does not mix with quark operators and therefore the corresponding SPDs are sometimes considered to be the cleanest probes of the gluonic content of hadrons. The off-forward gluon helicity-flip SPDs in a nucleon, determined by the matrix element of a twist-2 operator (29), can be numerically as large as other gluon distributions. However, the amplitude A tw2 µν arises at the NLO level i.e. it is proportional to α S (Q 2 ). For realistic values of Q 2 of order of a few GeV 2 it is therefore natural to consider also power-suppressed corrections to the photon helicity-flip DVCS amplitude. In this paper we provide an estimate of such higher-twist effects by explicitly calculating a corresponding Wandzura-Wilczek (WW) contribution which originates from the handbag diagram. Note that although the WW contribution is suppressed like 1/Q 2 , it appears already at the treelevel. A ratio of twist-2 to twist-4 amplitudes behaves then like
, which is not necessarily very large if |∆ ⊥ | is in the ballpark of 0.5 − 1 GeV, and Q 2 is of order of a few GeV 2 . Recently, a similar analysis of WW contribution have been carried out for the process γ * γ → f 2 (1270) [21] . The analog of helicity-flip amplitude in this process is the amplitude which describes scattering of transverse photons with different helicities. It was found that the latter amplitude is rather sensitive to power corrections in the region of Q 2 ≤ 10 GeV 2 . The WW kinematical correction is of course not the full answer, as far as power-suppressed corrections are concerned. Assuming that factorizability holds for this amplitude to 1/Q 2 accuracy, there will be additional contributions from multiparton operators of twist four, which we have not calculated here. Note, however, that in the chiral limit helicity is conserved along the quark line. As it follows, in order to account for two units of angular momentum one has to consider emission of two additional, transverse gluons. Current phenomenology of power corrections is consistent with a conjecture that matrix elements of such four-parton operators in a nucleon are small [22] . This observation suggests that the WW power correction discussed in this paper can provide a rather accurate numerical description of higher-twist corrections to the photon helicity-flip amplitude.
Photon helicity-flip amplitude in DVCS
As it has been discussed in [23] the LO, handbag diagram contribution to DVCS leads to an effective s-channel photon helicity conservation for the leading-twist amplitude. At the NLO a new twist-2 amplitude A tw2 µν arises, which describes a DVCS process with photon helicity flip.
The twist-2 photon helicity-flip amplitude is absent in the handbag diagram because of conservation of the angular momentum along the photon-parton collision axis. As photon is a vector particle, to allow for flip of its helicity one has to compensate for two units of angular momentum. For the collinear twist-2 partonic amplitude it is only possible by a simultaneous flip of gluon helicities, see Fig. 1 . As quarks have spin 1/2, their helicity flip can provide at most one unit of angular momentum. As a consequence, twist-2 photon helicityflip amplitude is sensitive to the helicity-flip gluon distribution in a nucleon. However, a similar angular momentum conservation argument shows that such distribution is forbidden in the forward limit, i.e. in DIS, on a spin 1/2 target. In the off-forward case a transverse component of the momentum transfer ∆ ⊥ can provide one unit of angular momentum, so DVCS offers the unique opportunity to investigate the helicity-flip gluon distribution in a nucleon. As discussed in details in [19, 20, 23] such information can be extracted from asimuthal asymmetries ∝ cos 3φ of the cross-section, where φ is the angle between lepton and nucleon planes.
Parametrisation of the twist-2 gluonic matrix element (29) was first introduced in [20] and recently revised in [24] . In the notation of [24] one has:
Note that µ and ν in (30) are understood as transverse Lorentz indices. As a consequence, twist-2 helicity flip amplitude (28) is gauge invariant to the 1/Q accuracy:
Similar situation has been ecountered before in the case of the amplitude T µν 1 . To get fully gauge-invariant result one has to include in the calculation the kinematical twist-3 contribution to the helicity-flip amplitude. As such term arises at the NLO and is not related to the contribution from the handbag diagram which we are going to discuss here, it will not be considered further. Instead, we shall use prescription (26) in order to obtain gauge-invariant expression. As a consequence, combining twist-2 and twist-4 contributions, one can write the helicity-flip amplitude A µν in the following form:
Here A tw2 (ij) is the leading twist contribution (28) . The twist-4 part, arising from the handbag diagram through the WW mechanism can be parametrized as
(ij) , with m being the nucleon mass. A convenient physical interpretation of this term follows from an observation that beyond the leading twist approximation one can imagine partons as carrying non-zero orbital angular momentum along the collision axis. That allows quarks to participate in the LO, i.e. through the handbag diagram, in the photon helicity-flip amplitude. As two units of angular momentum have to flow through the hard vertex, such an amplitude is suppressed by 1/Q 2 and represents a twist-4 contribution.
Following [24] , one observes that the twist-2 gluonic matrix element (29) can be parametrized in terms of four independent SPD:
T associated with four transverse tensor structures:
Here, four independent structures correspond to four independent helicity-flip amplitudes in the gluon-nucleon system. As the number of independent quark-nucleon helicity-flip amplitudes is the same ¶ , one expects that these tensor structures will appear in the twist-4 amplitude calculated in the WW approximation as well. As it follows, the same basis of Dirac structures (33,34) can be used as the basis for an expansion of A tw4 (ij) .
Photon helicity-flip amplitude in the Wandzura-Wilczek approximation
Let us now discuss briefly calculation of the WW contribution to the photon helicity-flip amplitude in DVCS. Formally, the WW contribution arises because operators with external derivatives w.r.t. total translation in a transverse direction give nonzero contribution in the DVCS kinematics.
The photon helicity-flip amplitude (32) is symmetric in the indices µ and ν and therefore it arises from the symmetric part of the T-product of the electromagnetic currents in (2). The tree-level contribution results from the handbag diagram depicted in Fig. 2 . It can be written as
where ellipses denote the contribution antisymmetric in µ, ν, and s
In order to obtain the twist-4 WW contribution to the amplitude (32), we have extracted from the matrix element
terms linear and bilinear in transverse structures γ ⊥ and ∆ ⊥ . The linear terms can in principle contribute because to obtain the full answer one has to expand the exponent e −i(q+q ′ )x in ∆ ⊥ as well. In the WW approximation one neglects, as usual, contribution from quark-gluon operators. The final answer is then given in terms of twist-2 SPDs related to the matrix elements of vector and axial operators H, E and H, E respecively, see (19) , (20) .
The calculation is straightforward and technically rather close to the approach described in [15] . Technical details of the present work are summarized in the Appendix. For a detailed discussion of a similar calculation, but with matrix elements parametrised in terms of double distributions, see Ref. [14] . Note that because in the WW approximation one neglects quarkgluon operators, gluon emission diagrams, calculated in [12, 25] , have not been taken into account here. ¶ Note that we consider here only amplitudes with photon helicity flip by two units. We have also found that apart from terms which contribute to the photon helicityflip amplitude (37) in the WW approximation, one finds also a singular, non-factorizable
in such a way that the factor (q + 2ξP )
ν there becomes equal to q ′ν . Thus, the non-factorizable term gives no contribution to the physical DVCS amplitudes with a real photon in the final state, as discussed in the previous section.
The explicit expression for the twist-4 amplitude defined in (32) reads:
This is the main result of the present paper. For the sake of clarity, we have introduced a shorthand notation for the convolution integrals, e.g.
The flavour structure can be restored according to (24) . Note that although the twist-2 amplitude (28) is a flavor-singlet, twist-4 WW correction arising from the handbag diagram is a mixture of singlet and non-singlet flavor contributions. All tensors which appear above are understood to have transverse Lorentz indices. Functions G k ,G k and kernels W ± (u, t, ξ) are defined in (19) and their explicit form is given in (21), (22) and (23) . Functions
and kernels U ± (u, t, ξ) are defined below. Explicit expressions for U ± (u, t, ξ) read:
To establish factorization, it is crucial to inspect properties of convolution integrals which appear in (37) at the points t = ±ξ. For a test function f (u, ξ) one readily finds
One observes that the kernel U + appears in (37) in convolution with functionG k (u, ξ) which is defined in terms twist-2 SPDs and their derivatives, see (22) . Note that although in general derivatives of a SPD with respect to x and ξ are discontinuous at x = ±ξ, the combinations (x∂ x + ξ∂ ξ ) E( H)(x, ξ) are continuous at these points [15] . Hence, from (22) it follows thatG k (u, ξ) has no dicontinuities at u = ±ξ. As a result, convolution integrals which appear in the first two terms in (37) define a continuous function of t at t = ±ξ and factorisation is not violated.
The third term in (37) has only logarithmic, integrable singularities at the points x = ±ξ in the coefficient function. One concludes therefore that this convolution integral is also well defined. Explicit expressions for functions
Note that functionsG k andG ij contain Dirac structures which are defined with the help of the γ 5 matrix. Using relations which follow from the Gordon identities one can express them through the basic structures (33) and (34). For example, one finds
Here ellipses stand for terms which are proportional to δ ij and therefore do not contribute to the traceless combination which enters amplitude (37). Note that, as expected, all tensor structures present in the twist-2 matrix element (30) appear also in the twist-4 WW contribution.
It is important to stress that all integrals which define twist-4 amplitude
in (37) are well defined and therefore factorisation is not violated, as far as the tree-level WW contribution to the twist-4 photon helicity-flip amplitude is concerned. This is an interesting result, as current QCD factorization theorems for exclusive processes guarantee factorization of the leading-twist contribution to DVCS only.
As the last point, let us consider contributions of the so-called pion pole and D-terms. At a small t the skewed parton distribution E is dominated by chiral contribution of the pion pole [26, 29] of the form:
where g A is the axial charge of the nucleon and ϕ π (u) is the pion distribution amplitude.
As it was noted in [15] this contribution cancel inG k . It is easy to see that in the functioñ G ij defined in (43) pion pole contribution again vanishes under action of the differential operator. It can be understood as a consequence of P-invariance since a pseudoscalar tchannel exchange cannot contribute to the photon helicity-flip amplitude. Vanishing of the pion pole contribution is therefore a non-trivial check of our calculation. D-terms [27] complete parametrisations of SPDs in terms of double distributions [28] . They have the form:
Here D(u) is an odd function of its argument. Estimates in the framework of the chiral quarksoliton model of a nucleon suggest that D-term can be numerically large [30] . Calculation of the DVCS cross-section shows that effects of the D-term can be clearly seen [15, 29] . In the present case one readily finds that D-term gives non-zero contribution only through function H ij S (u, ξ):
where
In all other functions introduced here the D-term contribution vanishes under action of differential operators.
Summary and conclusions
It has been recognized for some time that photon helicity-flip amplitude in DVCS on a nucleon provides a unique opportunity to study the twist-2 gluon transversity distribution in a nucleon. Because of its importance for studies of novel aspects of nucleon structure, it is mandatory to consider not only the leading-twist contribution, but the power-suppressed corrections to this amplitude as well.
In this paper we have calculated twist-4 correction to the photon helicity-flip amplitude in DVCS in the Wandzura-Wilczek approximation. It originates at the LO from scattering of the virtual photon on quarks which carry a non-zero projection of angular momentum along the collision axis. We found a factorizable formula which allows to calculate the kinematical power correction in terms of twist-2 quark skewed parton distributions.
As the genuine twist-2 amplitude arises at the NLO, for moderate virtualities of the hard photon, Q 2 ≤ 10 GeV 2 , kinematical twist-4 correction might give a numerically important contribution to the photon helicity-flip amplitude. Note that one can obtain a sum rule for the twist-4 part defined in (A.2). To this end, let us consider the parametrisation of the matrix element of the quark part of the energy momentum tensor [32] :
Here {µν} denotes symmetrisation with respect to the indices µ and ν. Contracting both sides of this equation with n µ n ν and using (19) one finds [32] :
Note that formfactor C(∆ 2 ) corresponds entirely to the contribution of the D-term [27] . On the other hand, by taking the transverse, traceless projection one finds with the help of (A.2):
This sum rule provides a non-trivial check of the expansion (A.2). Direct calculation gives: We have made use of these relations in order to bring the expression for the amplitude (37) to the form quoted in this paper.
